Aims: To test the hypothesis that strains of Candida dubliniensis and C. albicans can be differentiated on the basis of polar lipid profiles. Methods and Results: Five isolates of C. dubliniensis and six isolates of C. albicans were tested by growth at 45°C, production of chlamydospores on cornmeal agar, colonial colour on CHROMagar Candida medium and assimilation of DL DL-lactate, a-methyl-D D-glucoside and xylose. Polar lipids were then extracted from freeze-dried cultures and analysed using fast atom bombardment mass spectrometry. Isolates were grouped by single linkage clustering based on correlation coefficients for strain pairs calculated with carboxylate and phospholipid molecular species distributions. The most intense carboxylate and phospholipid molecular species anions were of m ⁄ z 281 (C 18 : 1 ) and m ⁄ z 515 (PA 23 : 2). Phosphatidylethanolamine and phosphatidylglycerol were the predominant phospholipid families in C. dubliniensis, compared with phosphatidic acid in C. albicans isolates. All of the C. dubliniensis isolates grouped together in one cluster, whereas all of the C. albicans isolates grouped in a separate cluster. Conclusions: Fast atom bombardment mass spectrometry can differentiate the two species based on analysis of polar lipid distributions. Significance and Impact of the Study: These findings demonstrate that C. dubliniensis and C. albicans have distinct polar lipid profiles.
INTRODUCTION
Candida dubliniensis is a recently described pathogenic yeast species originally associated with oral carriage and infection in HIV-infected and AIDS patients (Sullivan et al. 1995; Sullivan and Coleman 1998) . More recently it has been recovered from the oral cavities of HIV-negative individuals and from other anatomical locations in both HIV-infected and HIV-negative individuals. These locations have included skin, nail, faeces, blood, urine, wounds and vaginal flora (Pinjon et al. 1998; Odds et al. 1998; Sullivan and Coleman 1998; Meis et al. 1999; Brandt et al. 2000; Giammanco et al. 2000; Tintelnot et al. 2000; Marriott et al. 2001; Gee et al. 2002) . Candida dubliniensis is genetically and phenotypically closely related to C. albicans, with which it shares many characteristics, including the ability to produce germ tubes and chlamydospores . For this reason, many isolates of C. dubliniensis have been misidentified as C. albicans . Recently, a study of 130 C. dubliniensis and 166 C. albicans isolates demonstrated that all C. albicans isolates yield smooth shiny colonies on Staib agar, compared with 97AE7% of C. dubliniensis which have rough colonies. This offers a simpler means of discrimination than chlamydospore production (Al Mosaid et al. 2001) .
Phospholipid molecular species distributions of many species of Candida, such as C. albicans, C. parapsilosis, C. glabrata, C. sake, C. famata, C. krusei, C. lusitaniae, C. norvegensis, C. inconspicua, C. pseudotropicalis and C. lambica, have previously been analysed by fast atom bombardment mass spectrometry (FAB MS) and their relationships determined (Abdi and Drucker 1996; Abdi et al. 1999) . However, there are no published data for phospholipid analogue distributions of C. dubliniensis.
The aim of this study was to compare C. dubliniensis and C. albicans polar lipid profiles in order to see whether they show species differences.
MATERIALS AND METHODS

Organisms and identification
Five isolates of C. dubliniensis and six isolates of C. albicans were included in the study. The isolates of C. albicans were obtained following written informed consent from orthodontic patients attending the University Dental Hospital of Manchester, UK. Candida albicans was identified on the basis of colony colour on CHROMagar Candida, germ tube formation and growth at 45°C on Sabouraud Dextrose Agar (SDA; Laboratory-M, Bury, UK). The five isolates of C. dubliniensis studied were from HIV-positive andnegative patients from Dublin, Eire. The Irish isolates were originally identified on the basis of dark green colony colour on CHROMagar Candida medium on primary isolation , lack of growth at 45°C (Pinjon et al. 1998) , characteristic carbohydrate assimilation profiles with the API ID 32C yeast identification system (Pincus et al. 1999) and polymerase chain reaction analysis with C. dubliniensis-specific primers (Donnelly et al. 1999) as well as colonial morphology and chlamydospore production on Staib agar (Al Mosaid et al. 2001) .
Carbohydrate assimilation tests
In this study, assimilation tests used the ID 32C system (API, BioMerieux SA, Marcy-L'Etoile, France) using a colony from an overnight culture on SDA of each strain. Reactions were read after 48 h of incubation at 30°C and biocode profiles recorded according to the manufacturer's instructions.
Culture and harvesting of yeast cells
Each isolate was cultured as a lawn of growth on two plates of SDA (International diagnostics Group, Bury, UK) which had been incubated aerobically at 37°C for 48 h. Yeast cells were harvested with sterile cotton wool swabs and resuspended in 0AE01 mol l )1 phosphate-buffered saline (PBS), pH 7AE4 (Sigma). After centrifugation at 3000 g, cell pellets were resuspended in PBS, recentrifuged and finally washed with sterile distilled water. Washed yeast cells were frozen and then completely freeze dried at )40°C with a Modulyo freeze drier (Edwards, Crawley, UK).
Extraction and analysis of lipids
Polar lipids were extracted from 10 mg of freeze-dried yeast cells using 1 : 2 (v ⁄ v) chloroform : methanol (BDH Merck, Poole, UK). Extracted lipids were partitioned between chloroform and sterile distilled water in order to remove hydrophilic materials. The chloroform (lower) phase was removed and dried in vacuo over silica gel. For chemical analysis, extracts were redissolved in methanol, of which 5 ll were mixed with 5 ll m-nitrobenzyl alcohol (matrix fluid) on a sample probe. After permitting methanol to evaporate, the probe was injected into the mass spectrometer sample chamber. Polar molecules congregated at the matrix surface because of their surface activity. Bombardment with xenon atoms resulted in molecules being ionized by transfer of collisional energy. Analysis was by negative ion FAB MS using a Concept IS mass spectrometer (Kratos, Manchester, UK). The 10 most abundant anion peaks, in the mass spectra for each strain, were selected for study. Fatty acids were seen as low mass ions (m ⁄ z 200-300) while phospholipid anions occurred as high mass anions (m ⁄ z 500-1000). Data were analysed using a spreadsheet (Microsoft Excel, v. 4.0 for Windows). The Pearson coefficient of linear correlation (r) was used for comparing data for all pairs of strains as a loose measure of association rather than as a test of statistical significance, as in our previous studies.
RESULTS
Biological testing
The identity of C. dubliniensis isolates was reconfirmed according to their appearance on Staib agar and on their failure to grow on SDA after 48 h incubation at 45°C. In addition, C. dubliniensis strains did not assimilate a-methyl-
DL-lactate when tested in the ID 32C system, as expected. This resulted in the biocode 7142 1000 15 for all isolates examined.
Polar lipids of Candida dubliniensis and C. albicans isolates
Carboxylate anions. In FAB MS spectra, the most intense lower mass peaks attributable to the expected presence of carboxylate anions are shown in Table 1 . The most intense anion was of m ⁄ z 281(C 18 : 1 ), octadecenoate, which was observed in three of five C. dubliniensis isolates. In contrast, C 16 : 0 was the major carboxylate anion in the other two strains of C. dubliniensis (CD7203 and CD7204). The major unsaturated fatty acids in all isolates of C. dubliniensis were monoenoic and dienoic acids. Peaks with even m ⁄ z values, such as m ⁄ z 282, corresponded to first isotope peaks which contained a C 13 atom which increased the molecular mass by one unit. The ratio of unsaturated to saturated fatty acids ranged from 2AE6 in C. dubliniensis CD413 to 1AE6 in C. dubliniensis CD36 and CD7204. The Pearson coefficient of linear correlation (r), based on fatty acid anions, showed that C. dubliniensis CD7203 was most similar to C. dubliniensis CD413 (r ¼ 0AE981), while C. albicans C8 and C. dubliniensis CD7204 were least similar (r ¼ 0AE530).
Phospholipid analogue anions. The most intense higher mass peaks that were attributable to the expected presence of phospholipid analogue anions are shown in Table 2 . The most intense higher mass peaks were with m ⁄ z 515, phosphatidic acid (PA) 23 : 2 in three isolates of C. dubliniensis (CD413, CD7203 and CD7204), whereas 619, phosphatidylglycerol (PG) 25 : 2 and 716, phosphatidylethanolamine (PE) 34 : 1 were major phospholipid analogue anions in C. dubliniensis CD412 and CD36, respectively. In this chemical notation, PA 23 : 2 refers to a molecular species of PA which has fatty acyl substituents at sn1 and sn2 positions on glycerol with a total (for two acids) of 23 carbon atoms and two unsaturations. In the case of yeasts, these unsaturations are due to double bonds in the alkyl Table 2 The 10 most abundant anions in descending (m ⁄ z 500-1000) phospholipid analogue anions found in Candida albicans and C. dubliniensis chains of acids. Overall, the major phospholipid classes were PE in three isolates of C. dubliniensis (CD36, CD412 and CD413), PG in C. dubliniensis CD7203 and PA in C. dubliniensis CD7204. The latter had a number of unidentified peaks of higher mass in spectra whereas all higher mass peaks of C. dubliniensis CD36 could be putatively identified. The Pearson coefficient of linear correlation (r) based on phospholipid analogue anion profiles for strain pairs shows that C. dubliniensis CD7203 is most similar to C. dubliniensis CD413 (r ¼ 0AE895).
Clustering
A dendrogram (Fig. 1) was prepared by single-linkage clustering of coefficients based on fatty acid data and showed that all five isolates of C. dubliniensis clustered separately from the six isolates of C. albicans. Furthermore, a dendrogram (Fig. 2 ) generated on the basis of phospholipid analogue distributions showed that the five isolates of C. dubliniensis clustered together but clearly separate from the six C. albicans isolates. Consequently, it was possible unequivocally to Case Strain no. 
C. albicans (C13) Fig. 2 Dendrogram showing relationships of Candida isolates based on single linkage of r-values of Candida pairs calculated using phospholipid analogue distributions distinguish C. dubliniensis from C. albicans using spectra for both fatty acid and phospholipid analogue anions.
DISCUSSION
A number of differences between C. dubliniensis and C. albicans have been described. For example, C. dubliniensis produces abundant chlamydospores that are frequently arranged in triplets, contiguous pairs or clusters on the tips of short pseudohyphal elements (Sullivan et al. 1995; Staib and Morschhauser 1999; Tintelnot et al. 2000) . On the other hand, chlamydospores of C. albicans occur mostly singly on elongated pseudomycelia (Tintelnot et al. 2000) . The present findings for growth at 45°C, substrate assimilation profile analysis and production of chlamydospores agree with previous findings for C. dubliniensis reported by Sullivan et al. (1997) , Pinjon et al. (1998) , Staib and Morschhauser (1999) , Pincus et al. (1999) and Giammanco et al. (2000) . Growth at 45°C has been considered to be a particularly useful test for the differentiation of C. dubliniensis (no growth) from C. albicans (growth) by Pinjon et al. (1998) . Although the C. dubliniensis isolates examined did not assimilate a-methyl-D D-glucoside, xylose and DL DL-lactate such non-assimilation is again regarded as a typical property of C. dubliniensis (Gales et al. 1999; Pincus et al. 1999; Giammanco et al. 2000) and the biocode obtained (vide supra) is typical of C. dubliniensis (Giammanco et al. 2000; Sullivan et al. 1997) . In some studies, C. dubliniensis has been differentiated on CHROMagar Candida based on the production of dark green colonies compared with the lighter green colonies of C. albicans (Kirkpatrick et al. 1998) . However, others have not been able to differentiate C. dubliniensis from C. albicans isolates by the colour of colonies (Tintelnot et al. 2000) . In this study, not all isolates of C. dubliniensis had dark green colonies. This may have been due to the fact that colour can vary after serial passage .
Although there are no published data on phospholipid profiles of C. dubliniensis, fatty acids from this species have been examined after methylation by gas chromatography (Peltroche-Llacsahuanga et al. 2000) . In the present study, information on fatty acid composition of polar lipids from C. dubliniensis was obtained by mass spectrometry. Furthermore, FAB MS does not provide information on fatty acids of total lipid but of polar lipids only (vide supra). Non-polar lipids are not surface-active and remain dispersed throughout the matrix so that they are not accessible for ionization by fast atom bombardment. In the present study, polar lipid data for both C. dubliniensis and C. albicans isolates were clustered by hierarchical clustering based on carboxylate and phospholipid analogue distributions. Octadecenoate (C 18 : 1 ) and hexadecanoate (C 16 : 0 ) were tentatively identified as the major carboxylic acids in three and two isolates of C. dubliniensis, respectively, which agrees with results reported by PeltrocheLlacsahuanga et al. (2000) for whole lipid fatty acids of C. dubliniensis. The latter authors have also reported C 16 : 1 , C 17 : 1 and C 18 : 2 in C. dubliniensis which is confirmed by our results. However, our study did not find C 14 : 0 , in contrast to Peltroche-Llacsahuanga et al. (2000) , possibly because this acid may occur in non-polar, rather than polar, lipids. Nevertheless, cluster analysis of isolates based on carboxylate anions revealed two distinct clusters corresponding to the two species, thus confirming that C. dubliniensis and C. albicans are distinct species. These findings agree with those of PeltrocheLlacsahuanga et al. (2000) who used their fatty acid methyl ester analysis data for clustering of these two species. In the present study, phospholipid analogue anion data of C. dubliniensis and C. albicans were also clustered to produce a dendrogram which showed that C. dubliniensis isolates clustered together in one group separate from C. albicans isolates. Thus, FAB MS analysis confirms the distinction that exists between the two species.
